The aim of this study was to examine the effects of the sitting posture on the lower limb venous flow and to explore the beneficial effects of neuromuscular electrical stimulation (NMES) and an ottoman-type seat on the venous flow. Healthy adult volunteers without a history of lower limb surgery or thromboembolism were recruited, and the flow velocity, cross-sectional area, and flow volume of the popliteal vein were measured using Doppler ultrasound. A posture change from the prone position to the sitting position on the ottoman-type seat decreased the flow velocity and increased the cross-sectional area of the popliteal vein, and the flow volume was not altered over 120 min. The flow velocity was further decreased, and the crosssectional area was further increased by subjects sitting on a regular driving seat when compared with the values obtained with an ottoman-type seat. The popliteal flow velocity in the NMES leg was significantly higher than in the non-NMES leg throughout the 120-min testing in the sitting position, but no difference in the cross-sectional area was found between the NMES and the non-NMES legs. Thus lower limb venous stasis elicited by the sitting posture was improved by the ottoman-type seat and NMES.
symptomless deep venous thrombosis (DVT) develops in 10% of passengers, which is a surprisingly large proportion. The sitting posture in an airplane exposes passengers to the combined effects of movement restriction and gravitational pressure gradient between the heart and the lower limbs; this might enhance venous pooling/stasis, thereby increasing the chances of the development of DVT. Accordingly, the effects of sitting posture on lower limb hemodynamics have been a matter of great interest, and it was found that the venous flow velocity in the lower limbs was decreased and the diameter of the popliteal vein was increased by a sitting posture [2] [3] [4] [5] . Devices that increase the venous flow velocity are thought to be effective in reducing venous stasis, and many techniques, including neuromuscular electrical stimulation (NMES) [6] [7] [8] , have been proposed for increasing venous flow velocity. The metabolic demands of exercising skeletal muscles are met by increasing their blood flow, thereby supplying additional oxygen; this is a well-known phenomenon. This is also true in the case of passive electrical stimulation [9, 10] . Furthermore, venous flow velocity increases in response to muscle contraction, and the increased velocity contributes to venous expulsion [10] . NMES increases the venous flow velocity in a stimulation-dependent manner, and the effect lasts for 4 h [7] . However, the extent to which NMES can improve the suppression of venous flow induced by a sitting posture remains unclear. To examine this, the popliteal venous flow velocity was measured consecutively in the horizontal prone position and then in the sitting position in both NMES and non-NMES legs. Furthermore, the effects of an ottoman-type seat on lower limb hemodynamics were also examined.
Methods
This study was approved by the ethics committee of our institution. Twenty-one healthy adult volunteers (14 men and 7 women aged 20-50) were recruited; the subjects had no history of lower limb surgery or thromboembolism.
In 15 subjects (8 men and 7 women aged 20-50), one lower limb was randomly selected for stimulation, and a pair of stimulating pads (80 × 60 mm) was attached to the surface of the gastrocnemius muscle; the other limb served as a control. The subject lay down in a horizontal prone position, and a 30-min resting period was allowed prior to the beginning of the experimental protocol. After a period of acclimatization, the baseline venous flow in the popliteal vein was assessed. A duplex scanning of the popliteal region was performed using the Toshiba Nemio SSA-550A ultrasound machine fitted with a 7.5 MHz linear scan head (Toshiba Medical, Tokyo). The angle of insonation (the angle between the direction of the Doppler wave and the vessel) was maintained at approximately 60°, and the sample volume length was maintained at 25%-50% of the vessel diameter. The settings (gain and contrast) were optimized after initial evaluations and then maintained constant. The Doppler waveform of the flow velocity in the vein was obtained by simultaneous realtime B-mode and gated Doppler ultrasonography. It was stored in the memory and analyzed by software that allows automated enveloping of the profile of the velocity waveform (outline) with an estimation of its peak (V max ) and time-averaged maximum flow velocities over 8 s (TAV max ). These 2 variables, the cross-sectional area of the vein and the flow volume (the product of TAV max and cross-sectional area) were studied. At least 3 measurements were performed for each time point and then averaged.
After the data for the prone position was acquired, the subject sat on a driving seat whose angle of backrest and height, angle, and length of flange could be optimized by the subject. In this posture, the heels were positioned 40-45 cm below the hip joint. After the optimization of the seat, NMES was started (repeated in a 10 min on and 5 min off sequence). The NMES parameters were as follows: duration, 0.2 ms; amplitude, ~ ± 60 V; a biphasic waveform; and frequency, 1-15 Hz (Fig. 1) . The stimulation amplitude was gradually increased to an intensity that was just sufficient to create a slightly visible muscle twitch. The subject maintained the sitting posture for 120 min, and the popliteal venous flow data were obtained every 30 min. The flow data of the NMES leg was obtained during the "stimulation on" period.
The popliteal venous hemodynamic values of the other group of 9 subjects (9 men aged 24-50 years, including 3 from the first study) were also measured while they were seated on ottoman-type seats for 120 min. On the ottoman-type seat, the heels were positioned 0-10 cm below the hip joint.
All values are presented as means ± SEM. The data in Fig. 2 were analyzed by two-way repeated-measure ANO-VA; the groups of treatments (NMES leg, non-NMES leg, and ottoman-type seat) and the time course (prone position and 30, 60, 90, and 120 min in the sitting position) were the factors. If the F ratio indicated a statistical significance, the Tukey-Kramer procedure was applied to compare the among-and within-group means. The significance level of the Tukey-Kramer comparison was set at P < 0.05.
Results
A posture change from the prone to the sitting position on the ottoman-type seat decreased the popliteal venous flow velocity. TAV max significantly decreased to 12.5 ± 1.8 cm/s, from 22.2 ± 3.2 cm/s; this reduction of velocity was not recovered throughout the 120-min experimental period (Fig. 2) . In contrast to the velocity, the cross-sectional area of the popliteal vein significantly increased to 26.0 ± 3.2 mm 2 , from 12.9 ± 2.4 mm 2 , at 30 min, and this level was maintained for 120 min. Because of the combined effect of the decreased TAV max value and the increased cross-sectional area, the flow volume of the popliteal vein was not affected by sitting on an ottoman-type seat. The hemodynamic changes in the popliteal vein were more serious while subjects were sitting on a regular driving seat when compared with those observed on an ottoman-type seat. In the non-NMES leg, V max and TAV max decreased to 6.5 ± 0.5 cm/s, from 30.2 ± 5.7 cm/s, and to 3.5 ± 0.4 cm/s, from 24.3 ± 4.8 cm/s, respectively. The crosssectional area of the popliteal vein significantly increased to 53.1 ± 6.7 mm 2 , from 10.8 ± 1.0 mm 2 . Because of the combined effect of the decreased TAV max value and the increased cross-sectional area, the flow volume of the popliteal vein was not affected by the sitting posture (changed to 115.9 ± 21.1 ml/min, from 126.9 ± 19.9 ml/ min).
V max and TAV max of the NMES leg were significantly higher than those of the non-NMES leg throughout the 120-min sitting period. There was no difference in the cross-sectional area between the NMES leg and the non-NMES leg, but the flow volume was significantly greater in the NMES leg than in the non-NMES leg. Furthermore, the combination of NMES and the sitting posture significantly increased the popliteal venous flow volume when compared with that in the prone position. Although NMES significantly improved the popliteal venous flow velocity, the flow velocity in the prone position was not fully recovered by NMES; i.e., the 120-min averages of V max and TAV max were 68 ± 10% and 32 ± 4% of those in the prone position, respectively.
Discussion
The major findings of the present study are as follows: (i) the sitting posture significantly decreased the popliteal venous flow velocity, but the cross-sectional area was increased, and the flow volume was not affected; (ii) NMES significantly improved the venous flow velocity and increased the flow volume, but the flow velocity did not fully recover to the level present in the prone position; and (iii) lifting up the lower thigh using the ottoman-type seat also improved the venous flow, along with an increase in the flow velocity and a decrease in the cross-sectional area.
The sitting posture is known to reduce the lower limb venous flow velocity [2, 3] , probably a result of the gravitational pressure gradient between the heart and lower limbs, vein flexion causing obstruction, and inactivation of the muscle pump. Thus the main objective of the mechanical prophylaxis for DVT is an enhancement of the deep venous flow velocity for decreasing stasis. For this purpose, intermittent pneumatic compression and graduated compression stockings are commonly used [11] [12] [13] [14] . The former significantly increases the venous flow velocity [11] [12] [13] ; however, it is neither convenient nor expensive. In contrast, the latter has no significant effect on the venous flow velocity [13, 14] , though it significantly decreases the incidence of DVT associated with long-haul air travel [1, 15] .
An activation of the muscle pump by NMES is another candidate technique for mechanical prophylaxis [6] [7] [8] . Lyons et al. [8] demonstrated that NMES of the calf muscle increases the popliteal venous flow velocity in a stimulation-dependent (duration and frequency) manner. Kaplan et al. [7] showed the effects of NMES over an extended period; in their study, the femoral and popliteal venous flow velocities in the NMES leg were significantly higher than those in the non-NMES leg throughout the 4 h of testing. However, the extent to which NMES can improve the decreased velocity has not been clarified. In the present study, we measured the popliteal venous flow for 120 min in a sitting position and clearly demonstrated the beneficial effects of NMES. In the non-NMES legs, V max and TAV max were decreased to 27 ± 3% and 20 ± 3%, respectively, by the sitting posture. On the other hand, in the NMES legs, V max and TAV max recovered to 68 ± 10% and 32 ± 4% of those in the prone position, respectively. The effect of NMES on popliteal venous flow velocity was greater in the V max compared with the TAV max . The TAV max is inversely proportional to the cross-sectional area, since the TAV max is the quotient of the flow volume divided by the cross-sectional area. The increased gravitational pressure gradient on the compliant walls of the lower limb vein would result in the enlargement of the cross-sectional area, which was not improved by NMES. Thus the improvement of TAV max was small. On the other hand, an NMES-induced muscle contraction instantaneously expels venous blood, and this would directly improve V max . The increased V max would contribute to wash away activated clotting factors and then prevent thrombus formation.
During NMES, no subject complained of pain or discomfort. Stimulation parameters and electrode size are the important factors that determine the perceived comfort during NMES. A symmetrical biphasic waveform, short pulse duration, graded onset of stimulation, and large electrodes are required for comfort and less fatigue [16] , and these stimulation parameters were employed in the present study.
The ottoman-type seat also improved the popliteal venous flow, i.e., V max and TAV max were significantly higher and the cross-sectional area was smaller than those observed with the regular seat. The difference may arise mainly as a result of the smaller gravitational pressure gradient because with the ottoman-type seat, the heel was positioned approximately 40 cm higher than with the reg-ular seat. Ashby et al. [2] measured the common femoral venous flow velocity and diameter and found that over the range of 6° leg down to 12° leg up, there is a linear increase in the mean peak velocity and a decrease in the mean diameter. If the compliance and length of the vein are constant, the cross-sectional area is altered in proportion to the venous pressure. In the sitting position, the lower limb venous pressure should be increased by an increased gravitational pressure gradient, leading to an increase in the cross-sectional area. If the flow volume is constant, the increased cross-sectional area leads to a decrease in the flow velocity because the flow volume is a product of the cross-sectional area and flow velocity. This may be the case with the change in the popliteal venous flow observed in the sitting position. Thus with a decrease in the gravitational pressure gradient when an ottomantype seat is used, the cross-sectional area was decreased and the flow velocity was increased when compared with those observed when a regular seat was used. The product of these two variables (flow volume) was not altered.
In conclusion, NMES could improve the lower limb venous flow in the sitting position, though the flow velocity in the prone position was not fully recovered by it.
